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"#$%&!'()*+,-)./!01,2+345&!6,.-!+.!%/.)+,-!73,)-8+9:&!;<=>&!83?+(9+!
$@;8>&!'()*+,-)./!01,2+345&!;<=>&!>3A,3(&!;B6&!7+--39!
C;86D#6B&!>E!F1-/!21-!;3GH1-&!>7&!0,3I)?!
JK34.+4,+!91,,+-H1(23(.+!L!3I).3E3:G32)M-+()9:34?.NO1,2+345E+(-3GEA,P!
!
1. Introduction 
@+-! */:)94?+-! 3/,1(34.)Q4+-! +.! -H3.)345! 91GH1,.+(.! 2+! (1GO,+4-+-! H)R9+-! +(!G3./,)345!
91GH1-).+-E! @+! 2)G+(-)1((+G+(.! .:+,G)Q4+! 2+! 9+-! G3./,)345! +-.! 9,49)3?! *)-MSM*)-! 2+! ?+4,!
3HH?)93.)1(E!B(!+AA+.&! ?3!H,/-+(9+!2+! .,R-!A1,.-!T,32)+(.-! .:+,G)Q4+-! ?1,-!2+! ?U4.)?)-3.)1(!H1-+!
2+-!H,1O?RG+-!.+9:(1?1T)Q4+-!91GG+!?3!,/-)-.3(9+!345!9:19-!.:+,G)Q4+-!14!S!?U3O?3.)1(E!
V+! H?4-&! 9+,.3)(-! H,19/2/-! 2+! A3O,)93.)1(! A1(.! /T3?+G+(.! 3HH+?! S! 2+-! T,32)+(.-! 2+!
.+GH/,3.4,+! )GH1,.3(.-&!2U1W! ?3!(/9+--)./!2+!91((3X.,+! ?U/*1?4.)1(!2+-!H,1H,)/./-! .:+,G)Q4+-!
34!914,-!2+!?3!A3O,)93.)1(E!
<14-! H,/-+(.1(-! )9)! ?+! 2/*+?1HH+G+(.! 2U4(+! 3HH,19:+! 214O?+! H14,! ?3! 93,39./,)-3.)1(!
.:+,G)Q4+! 2+-!G3./,)345! 91GH1-).+-E! #?! -U3T).! 2U4(+! H3,.! 2+! ?3! 93,39./,)-3.)1(! .:+,G)Q4+! +.!
-.,49.4,3?+! 34--)! 91GH?R.+! Q4+! H1--)O?+! +.! 2U34.,+! H3,.&! 2+! ?U+-.)G3.)1(! 2+-! H,1H,)/./-!
.:+,G)Q4+-!-4,!?3!O3-+!2U4(+!3HH,19:+!Y!9:3(T+G+(.!2U/9:+??+!Z!+(!H3,.3(.!2+!?3!91((3)--3(9+!
2+-!H,1H,)/./-!2+-!91(-.).43(.-!/?/G+(.3),+-!KA)O,+&!G3.,)9+P!+.!2+!?+4,!3,,3(T+G+(.!-H3.)3?E!
@[1O\+9.)A!24!2/*+?1HH+G+(.!H3,3??R?+!2+!9+-!G/.:12+-!+-.!2+!91(.,)O4+,!S!?3!9,/3.)1(!2[4(!
Y!14.)?! 2+! 2+-)T(! 2+! G3./,)345!Z! Q4)! H+4.! H,/2),+! ?[)(A?4+(9+! 2+! ?[3,9:).+9.4,+! 24! ,+(A1,.!
A)O,+45! -4,! 9+,.3)(+-! H,1H,)/./-! 24! 91GH1-).+! K)9)&! ?3! 91(249.)*)./! .:+,G)Q4+PE! <14-!
H,/-+(.1(-! Q4+?Q4+-! ,/-4?.3.-! H,/?)G)(3),+-! 2+! ?[3HH?)93.)1(! 2+! 9+-! G/.:12+-! -4,! 2+-!
91GH1-).+-! -)?)9+MH:/(1?)Q4+-! +(*)-3T/-! H14,! ?3! A3O,)93.)1(! 2+! H)R9+-! H14,! 4(! -]-.RG+! 2+!
H,1.+9.)1(! .:+,G)Q4+! 2U1O\+.-! -H3.)345! ^"&$_E! @+-! 2+45! 3HH,19:+-! -1(.! 2/*+?1HH/+-! +(!
H3,3??R?+!`!(14-!?+-!H,/-+(.1(-!2U3O1,2&!3)(-)!Q4+!?+-!G3./,)345!/.42)/-!`!+(-4).+&!?+4,-!,/-4?.3.-!
,+-H+9.)A-!-1(.!91GH3,/-E!!
@3! G/.:121?1T)+! 2/*+?1HH/+! +-.! 3HH?)Q4/+! S! 2+-! 91GH1-).+-! -)?)9+MH:/(1?)Q4+E! ;+-!
G3./,)345!-1(.!2+-.)(/-!S!?3!,/3?)-3.)1(!2+!O149?)+,!.:+,G)Q4+!H14,!?3!,+(.,/+!3.G1-H:/,)Q4+!+.!
21)*+(.! -4HH1,.+,! 2+! .,R-! T,3(2+-! .+GH/,3.4,+-! +.! 2+! 91(.,3)(.+-! G/93()Q4+-! .14.! +(!
H,1./T+3(.!?3!9:3,T+!4.)?+E!;+!-1(.!2+-!G3./,)345!3O?3.)A-&!Q4)!-1(.!),,/*+,-)O?+G+(.!2/T,32/-!
H3,! ?3! ,+(.,/+&!G3)-! 21(.! ?3! 2/T,323.)1(! +-.! ?+(.+! +.! 91(.,a?/+&! 2+! A3b1(! Q4+! ?3!G)--)1(! 2+!
H,1.+9.)1(!-1).!!,+GH?)+E!!
6A)(! 2+! ,/24),+! ?+! 2/?3G)(3T+! H3,! 9)-3)??+G+(.! )(.+,! ?3G)(3),+! ?1,-! 2+! ?3! ,+(.,/+!
3.G1-H:/,)Q4+&!2+!(14*+??+-!3,9:).+9.4,+-!)(.+,(+-!2+-!,+(A1,.-!A)O,+45!-1(.!+(!/.42+^"_E!V+45!
H?3Q4+-! 2+! -)?)9+! H:/(1?)Q4+! 3]3(.! 4(+! -.,49.4,+! )(.+,(+! .,R-! 2)AA/,+(.+! -1(.! 91(-)2/,/+-! )9)!
Kc)TE!"PE!@U4(+!32G+.!4(!.)--3T+!,/T4?)+,&!3?1,-!Q4+!?3!2+45)RG+!H?3Q4+!+-.!4(!Y!H3.9:d1,e!Z!
2+! 914H1(-! 2+! 2)G+(-)1(! $! 9G! f! $! 9G! 2)-H1-/-! 3?/3.1),+G+(.E! B??+! H,/-+(.+! 21(9! 4(+!
-.,49.4,+!),,/T4?)R,+!+.!4(+!(1(M91(.)(4)./!2+-!A)O,+-!2U4(!O14.!S!?U34.,+!2+!?U/9:3(.)??1(E!<14-!
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.+(.+,1(-!(1.3GG+(.!2+!91GH,+(2,+!?U)(A?4+(9+!2+!?U),,/T4?3,)./!2+!?3!-.,49.4,+!2+!,+(A1,.-!-4,!
?+-!H,1H,)/./-!.:+,G)Q4+-!2+!?3!H?3Q4+E!
!
!"#$%&'(')'*+',-*.$&'%/#$-"0%&1'2+',-*.$&'3'"%%/#$-"0%&'4''
@+-! 2+45! H?3Q4+-! 1(.! /./! A3O,)Q4/+-! H3,! .:+,G1A1,G3T+E! V+-! A)O,+-! 2+! -)?)9+! H,/M
)GH,/T(/+-! 2+! ,/-)(+! H:/(1?)Q4+! 1(.! /./! H?39/+-! 23(-! 4(!G14?+! +.! 94).+-! S! "ghi;! -14-! gj!
O3,-E!!
2. Partie expérimentale !
56(6'7*%*89/%":*9";<'=&:'8;<:9"9$*<9:'
@+-!H,1H,)/./-!2+-!91(-.).43(.-!-/H3,/-!-1(.!,+T,14H/+-!34!.3O?+34!"E!!
 Fibre Matrice Méthode d'obtention 
V+(-)./!4?.)G+!KeTDG
C
P! $$"jk"j! "$Cjk"j! 7]9(1G/.,)+!l+!
;3H39)./!93?1,)A)Q4+!KFDeTDmP! ghjknj!
"ohjk"jj!
!
V>;D7?3Q4+!9:342+!KG3.,)9+P!
V)AA/,+(9+!91GH1-).+MG3.,)9+!KA)O,+P!
V)AA4-)*)./!.:+,G)Q4+!KGG
$
D-P! j&pkjEjh!
"&$hkjEjh!
!
c?3-:!KG3.,)9+P!
8:+,G1T,3H:)+!?3-+,!KA)O,+-P!
;1(249.)*)./!.:+,G)Q4+!
KqDGDmP! "&hkjE"!
j&"gkjEjh!
!
7?3Q4+!9:342+!
;3?94?!
>*2-&*$'(6',%;?%"/9/:'/-/@&<9*"%&:'=&:'8;<:9"9$*<9:6'
@3! 93H39)./! 93?1,)A)Q4+! 2+! ?3! A)O,+! 3! /./! 1O.+(4+! H3,! 2/249.)1(! +(! 4.)?)-3(.! ?+-! *3?+4,-!
G+-4,/+-!H14,!?+-!91GH1-).+-!+.!H14,!?3!G3.,)9+!-+4?+!+.!+(!3HH?)Q43(.!?3!?1)!2+-!G/?3(T+-E!@3!
2)AA4-)*)./! .:+,G)Q4+! 2+-! 91(-.).43(.-! /?/G+(.3),+-! 3! /./! 1O.+(4+! H14,! ?3! G3.,)9+! H3,! 4(!
H,19/2/!A?3-:!Y!9?3--)Q4+!Z!K.:+,G1T,3GG+!A39+!3,,)R,+!+.!G/.:12+!2U)(.+,H,/.3.)1(!2+!73,e+,!
^C_E! 714,! ?3! A)O,+&! 4(+! G/.:12+! -H/9)A)Q4+! 2[+59).3.)1(! ?3-+,! 3! /./! G)-+! 34! H1)(.E! ;+..+!
93,39./,)-3.)1(!H1,.+!-4,!4(+!GR9:+!+(.)R,+&!,+914*+,.+!2+!H+)(.4,+!(1),+!H14,!34TG+(.+,!-1(!
3O-1,H.)*)./E!;+??+M9)!+-.!+59)./+!Q43-)MH1(9.4+??+G+(.!H3,!4(!?3-+,!2+!Cj!Gq&!3*+9!4(!H,1A)?!
.+GH1,+?!+(!/9:+?1(!KA1(9.)1(!2+!l+3*)-)2+PE!@3!,/H1(-+!.:+,G)Q4+!+.!-4)*)+!H3,!4(+!93G/,3!
#=!S!$h!lI!2+!A,/Q4+(9+!2U39Q4)-).)1(E!!'(+!H,19/24,+!2+!.,3).+G+(.!2U)G3T+-!3!/./!G)-+!34!
H1)(.!L! K"P! -/?+9.)1(!2U4(!+5.,3).!"V!23(-! ?U)G3T+! .1.3?+!91,,+-H1(23(.!S! ?3!GR9:+!-+4?+&! K""P!
?)--3T+! .+GH1,+?! 24! -)T(3?&! K"""P! .,39/! 24! ?1T3,).:G+! 2+! ?U+59R-! ?193?! 2+! .+GH/,3.4,+! +(!
A1(9.)1(! 24! 93,,/! 2+! ?3! 2)-.3(9+! 34! 9+(.,+! 24! -H1.! ?3-+,! +.! )2+(.)A)93.)1(! 24! 91+AA)9)+(.! 2+!
2)AA4-)1(!2+!?3!9:3?+4,!?+!?1(T!2+!?3!GR9:+E!@3!G12/?)-3.)1(!"V!24!.,3(-A+,.!2+!9:3?+4,!23(-!?3!
GR9:+&! .+(3(.! 91GH.+! 2+! ?U3HH1,.! Q43-)MH1(9.4+?! +.! 91(.)(4! 2+! H4)--3(9+! 34! -H1.! +.! 2+! ?3!
2)--)H3.)1(! Q43-)M?)(/3),+! 2+! 9:3?+4,! +(! .14.! 34.,+! H1)(.! 2+! ?3! GR9:+! A3).! 3HH3,3X.,+! .,1)-!
T,3(2+4,-!L! ?3! 93H39)./! 93?1,)A)Q4+! 2+! ?3! GR9:+! 8H&! -3! 2)AA4-)*)./! .:+,G)Q4+! &! +.! 4(!
91+AA)9)+(.!+AA+9.)A!2+!.,3(-A+,.!.:+,G)Q4+!AE!@3!,/-1?4.)1(!24!H,1O?RG+!2+!.,3(-A+,.!3!/./!A3).+!
2+!A3b1(!3(3?].)Q4+!T,r9+!S!?3!.,3(-A1,G3.)1(!2+!@3H?39+!+.!-1(!)(*+,-+!`!?+!,/-4?.3.!+-.!L!
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6)(-)!*1).M1(!Q4U)?!+-.!H1--)O?+!2U)2+(.)A)+,!!-3(-!-U)(./,+--+,!345!2+45!34.,+-!Q43(.)./-!+(!
H1,.3(.!?(K>M>jP!+(!A1(9.)1(!2+!B
$
!S!2)AA/,+(.-!.+GH-E!!
5656'7*%*89/%":*9";<'=&:'8;@?;:"9&:!
@U3(3?]-+!2+-!.345!2+-!2)AA/,+(.+-!H:3-+-!+-.!H,/-+(./+!34!.3O?+34!$!9)M\1)(.E!B??+!-U3HH4)+!
-4,! ?+-!21((/+-!24!83O?+34!"&! -4,! ?+-!*3?+4,-!1O.+(4+-!H3,!H1,1G/.,)+!34!G+,94,+! KH1,1-)./!
14*+,.+&!2+(-)./!-Q4+?+..3?+&!2+(-)./!3HH3,+(.+P!+.!H3,!3(3?]-+!2U)G3T+-!CV!K.1G1T,3H:)+-!uP!
+.!$V!KG)9,1T,3H:)+-!2+-!A)?-PE!!
Quantité Comp. régulier Comp. irrégulier Méthode d'obtention 
V+(-)./!-Q4+?+..3?+!KeTDG
C
P! "g"jk"j! "ogjk"j! H1,1-)G/.,)+!lT!
V+(-)./!3HH3,+(.+!KeTDG
C
P! "hpjk"j! "hgjk"j! H1,1-)G/.,)+!lT!
71,1-)./!14*+,.+! !!o&hvkj&hv! !!o&"vkj&hv! 93?94?!
8345!2+!A)O,+-! th&jvkj&hv! t$&jvkj&hv! 93?94?!
8345!2+!,/-)(+! tn&hvkj&hv! h"&pvkj&hv! 93?94?!
8345!2+!A)?! hn&hvkj&hv! hp&pvkj&hv! 93?94?!
8345!2+!,/-)(+!:1,-!A)?! Ch&jvkj&hv! Ct&jvkj&hv! .1G1T,3H:)+!
8345!2+!,/-)(+!)(.,3A)?! "g&"vkj&hv! $"&tvkj&hv! 93?94?!
8345!2+!A)O,+!)(.,3A)?! n$&pvkj&hv! gn&ovkj&hv! 3(3?]-+!2[)G3T+-!
>*2-&*$'5')'D&<:"9/'&9'9*$B'=&'?A*:&:'=&:'/8A*<9"--;<:6'
@3!2)AA4-)*)./!.:+,G)Q4+!2+-!91GH1-).+-!+-.!+-.)G/+!+(!4.)?)-3(.!4(+!G/.:12+!A?3-:!,/-1?4+!
+(! +-H39+E! @U39Q4)-).)1(! 2+! ?3! ,/H1(-+! +(! .+GH/,3.4,+! S! 4(+! +59).3.)1(! 2+! A?45! 2+! 9:3?+4,!
-U+AA+9.4+!S!?U3)2+!2U4(+!93G/,3!)(A,3,14T+!S!G3.,)9+!2+!2/.+9.+4,-!2+!.3)??+!C$j!f!$ho!H)5+?-E!
@3!93G/,3!#=!H+,G+.!2+!G+-4,+,!34!914,-!24!.+GH-&!?3!.+GH/,3.4,+!+(!4(!.,R-!T,3(2!(1GO,+!
2+!H1)(.-! -4,! ?U/9:3(.)??1(E!6!H3,.),!2+-!914,O+-!2+! ?U/*1?4.)1(!2+! ?3! .+GH/,3.4,+!+(!9:3Q4+!
H1)(.&! )?! +-.! H1--)O?+! 2+! .,14*+,! ?3! 2)AA4-)*)./! .:+,G)Q4+! .,3(-*+,-+! KG1]+((/+! -+?1(!
?U/H3)--+4,!2+!?3!H?3Q4+P!+(!9:394(!2+!9+-!H1)(.-!^t&h_. >4,!?+-!93,.1T,3H:)+-!2+-!2)AA4-)*)./-!
1O.+(4+-! H14,! ?+-! 2+45! H?3Q4+-! Kc)T4,+! $3P&! 2+-!G1]+((+-! -1(.! 93?94?/+-!`! 1(! 3! /T3?+G+(.!
399R-!345!:)-.1T,3GG+-!2+!2)AA4-)*)./!.:+,G)Q4+! K!c)T4,+!$OPE!VU3H,R-! ?+-! ,/-4?.3.-!1O.+(4-&!
?3! H?3Q4+! ,/T4?)R,+! H1--R2+! 4(+! 2)AA4-)*)./! .,3(-*+,-+! Kj&C"! GG
$
E-
M"
P! ?/TR,+G+(.! H?4-!
)GH1,.3(.+!Q4+!?3!H?3Q4+!),,/T4?)R,+!Kj&$n!GG
$
E-
M"
PE!@3!91GH3,3)-1(!2+-!:)-.1T,3GG+-!H+,G+.!
/T3?+G+(.!2+!91(-.3.+,!4(!/.3?+G+(.!G1)(-! )GH1,.3(.!2+-!*3?+4,-!H14,! ?+!G3./,)34! ,/T4?)+,E!
814.!-+!H3--+!91GG+!-U)?!]!3*3).!4(+!2+45)RG+!H1H4?3.)1(!2+!*3?+4,-&!9+(.,/+!34.14,!2+!$&hh!
GG
$
E-
M"
&!H,/-+(.+!23(-!?+!G3./,)34!),,/T4?)+,&!+(!H?4-!2+!?3!H1H4?3.)1(!H,)(9)H3?+!9+(.,/+!-4,!
$&n!GG
$
E-
M"
E!!
73,!3)??+4,-&!?3!91(249.)*)./!.:+,G)Q4+!2+!?3!H?3Q4+!),,/T4?)R,+!-+?1(!-+-!C!35+-!H,)(9)H345!3!
/./! G+-4,/+! H3,! ?3! G/.:12+! 24! 2)-Q4+! 9:342! 14! Y!l1.! V)-e!Z^o_E! ;+..+! G/.:12+! H+,G+.!
2U399/2+,! S! ?3! 2)AA4-)*)./! .:+,G)Q4+! ?1(T).42)(3?+! +.! .,3(-*+,-3?+! H3,! 4(+!G/.:12+! )./,3.)*+E!
;+-!G+-4,+-!(+!91(9+,(+(.!Q4+!?3!H?3Q4+!),,/T4?)R,+!+.!-1(.!+AA+9.4/+-!-4,!4(!/9:3(.)??1(!2+!
2)G+(-)1(! t! f! h! 9G
$
E! @3! .3)??+! 2+-! :/./,1T/(/)./-! /.3(.! 2+! ?U1,2,+! 2+! $9G&! ?+! *1?4G+!
/?/G+(.3),+! ,+H,/-+(.3.)A! KwB=P! 91(.+(3(.! ?U)(A1,G3.)1(! (/9+--3),+! 345! 9:3(T+G+(.-!
2U/9:+??+! 2+*,3).! 3*1),! 2+-!2)G+(-)1(-! .,3(-*+,-+-! 2U4(!1,2,+!2+!T,3(2+4,! -4H/,)+4,! S! 9+..+!
.3)??+E! ;+..+! 91(2).)1(! (U+-.! H3-! -3.)-A3).+! H14,! ?+-! H?3Q4+-! ),,/T4?)R,+-E! ;+-! ,/-4?.3.-&!
9+H+(23(.&!-1(.!+(!O1(!3991,2!3*+9!9+45!1O.+(4-!H3,!?3!.:+,G1T,3H:)+&!91GG+!1(!H+4.!?+!*1),!
34!83O?+34!C!K+(*),1(!hv!2U/93,.PE!!
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!
3P! OP!
!"#$%&'5')'*+'7*%9;#%*?A"&'=&'="CC$:"E"9/'=&'-*'?-*.$&'%/#$-"0%&'F('?"B&-'G'H1II@@+'2+'J":9;#%*@@&'
=&:'="CC$:"E"9/:'9A&%@".$&:'=&:'?-*.$&:!
'
!
!
Propriété 
Echantillon 
régulier 
Echantillon 
irrégulier Méthode d'obtention 
;3H39)./!93?1,)A)Q4+!*1?4G)Q4+!!KFD9GCDmP!
"Egj!kjEj"! "EoC!kjEjC!
7?3(!9:342^g_!
V)AA4-)*)./!.:+,G)Q4+!.,3(-*+,-+!KGG$D-P!
!
j&C"!
j&$o!
j&$n!
M!
c?3-:!x!93G/,3!#=!
c?3-:!x!73,e+,!
V)AA4-)*)./!.:+,G)Q4+!.,3(-*+,-+!KGG$D-P! M! j&$ot! V)-Q4+!9:342!
V)AA4-)*)./!.:+,G)Q4+!?1(T).42)(3?+!KGG$D-P! M!! j&C"t! V)-Q4+!9:342!
;1(249.)*)./!.:+,G)Q4+!.,3(-*+,-+!
KqDGDmP!
j&hCC!
M!
j&tgp!
j&tho!
c?3-:!x!93?94?J!
lV!x!93?94?J!
;1(249.)*)./!.:+,G)Q4+!?1(T).42)(3?+!KqDGDmP! M! j&htC! 93?94?J!
>*2-&*$'K')',%;?%"/9/:'9A&%@;8"</9".$&:'=&:'8;@?;:"9&:'/9$="/:!! KJ!3*+9!L!s!f7?!P 
3. Détermination de la conductivité par changement d’échelle 
@3!-.,49.4,+!24!G3./,)34!+-.!/*3?4/+!H3,!G)9,1-91H)+!1H.)Q4+!+.!H3,!.1G1T,3H:)+!S!,3]1(-!
uE! 6)(-)&! 2+-! 2+-9,)H.)1(-! 2/.3)??/+-! 2+! ?3! -.,49.4,+! S! 2+45! /9:+??+-! 2)AA/,+(.+-! -1(.!
2)-H1()O?+-! K/9:+??+! 2+-! A)O,+-! +.! /9:+??+! 24! .)--4PE! ;+-! 2+-9,)H.)1(-! -1(.! 2+-! H3,3GR.,+-!
2U+(.,/+! H14,! ?+! 93?94?! 2+! ?3! 91(249.)*)./! .:+,G)Q4+! +AA+9.)*+! S! H3,.),! 2+-! *3?+4,-! 2+-!
91GH1-3(.-&!Q4)!A3).!3HH+?!S!2+45!9:3(T+G+(.-!2U/9:+??+!Kc)T4,+!CPE!!
!
!"#$%&'K')'D;$2-&'8A*<#&@&<9'=M/8A&--&'
"!9G!hj!yG " GG!
B9:+??+!G/-1-91H)Q4+!B9:+??+!G)9,1-91H)Q4+!
7,+G)+,!9:3(T+G+(.!
2U/9:+??+!
V+45)RG+!9:3(T+G+(.!
B9:+??+!G39,1-91H)Q4+!
32+6?7*6%2=%-7()8,)61-59)!"
"%0)2')1%-)6.9-2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;+-!2+45!9:3(T+G+(.-!2U/9:+??+!H+,G+..+(.!2+!H,+(2,+!+(!91GH.+!?U+AA+.!2+!?U3()-1.,1H)+!
?193?+! 24! G3./,)34! S! H+.).+! /9:+??+! 23(-! ?3! 2/.+,G)(3.)1(! 24! .+(-+4,! 2+! 91(249.)*)./!
G39,1-91H)Q4+!24!G3./,)34!91GH1-).+E!!
3.1. Premier changement d’échelle : utilisation de la microscopie optique 
@3! H,+G)R,+! G)-+! S! ?U/9:+??+! H1,.+! -4,! ?3! -+9.)1(! .,3(-*+,-+! 2+-! A)?-! +.! -+! A3).! S! ?U3)2+!
2U)G3T+-! 1O.+(4+-! H3,! G)9,1-91H)+! 1H.)Q4+E! '(! .,3).+G+(.! 2U)G3T+! H+,G+.! 2+! -/H3,+,! ?+-!
A)O,+-!2+!?3!G3.,)9+!+.!2+!?+4,-!*1)-)(+-!+.!21(9!2+!H,+(2,+!+(!91GH.+!?3!,/-)-.3(9+!.:+,G)Q4+!
2+! 91(.39.E! ;+! .,3).+G+(.! +-.! O3-/! -4,! 4(+! -+TG+(.3.)1(&! 4(+! A+,G+.4,+! G3.:/G3.)Q4+&! +.!
?U3HH?)93.)1(!2U4(+!G/.:12+!2+!2/.+,G)(3.)1(!2+! ?)T(+!2+!H3,.3T+!2+-! +345! Kd3.+,-:+2PE!@+!
?1T)9)+?!#G3T+F!3!/./!4.)?)-/!H14,!9+-!1H/,3.)1(-E!@+-!.345!2+!A)O,+-!23(-!?+-!A)?-!-1(.!,+H1,./-!
34!83O?+34!"E!!
]!s!"Enh$C5
$
!M!jEn"hh5!x!jEt$p$
=
$
!s!jEppnh
j
jE$
jEt
jEo
jEn
"
"E$
"Et
jEjjv $jEjjv tjEjjv ojEjjv njEjjv "jjEjjv
8345!2+!A)O,+-
;
1
(
2
4
9.
)*
).
/!
.:
+,
G
)Q
4
+!
Kq
DG
Dm
P
73,3??R?+!K@1(T)EP
8,3(-*+,-+
7+,,)(-
>/,)+
71?](1G)3?!K8,3(-*+,-+P

!"#$%&'N'O'7;<=$89"E"9/'9A&%@".$&'9%*<:E&%:&'&<'C;<89";<'=&'9*$B'=&'C"2%&:'
@3!91((3)--3(9+!2+-!H,1H,)/./-!.:+,G)Q4+-!2+-!91GH1-3(.-!KA)O,+&!G3.,)9+P!+-.!4(+!21((/+!
+--+(.)+??+! 2+! 9+..+! /.3H+! 2+! 9:3(T+G+(.! 2U/9:+??+E! 6?1,-! Q4+! H14,! ?3! 2/.+,G)(3.)1(! 2+! ?3!
91(249.)*)./! .:+,G)Q4+! ?1(T).42)(3?+&! LP&! 4(+! -)GH?+! ?1)! 2+-! G/?3(T+-! +-.! -4AA)-3(.+&! ?3!
G/.:12+! 2+! H,)-+! 2+! G1]+((+! *1?4G)Q4+! +-.! 4.)?)-/+! H14,! 2/.+,G)(+,! ?3! 91(249.)*)./!
.:+,G)Q4+!.,3(-*+,-+&!L>E!;+..+!G/.:12+&!H+,G+.&!S!H3,.),!2+-!/Q43.)1(-!S!4(+!/9:+??+!21((/+!
2U1O.+(),! 2+-! /Q43.)1(-! S! ?U/9:+??+! -4H/,)+4,+! +.! 2+-!H,1O?RG+-!2+! A+,G+.4,+! 21((3(.! 399R-!
345! H,1H,)/./-! +AA+9.)*+-E! @3! ,/-1?4.)1(! (4G/,)Q4+! 24! H,1O?RG+! 2+! A+,G+.4,+! 3--19)/! S! ?3!
91(249.)1(! 2+! ?3! 9:3?+4,! -4,! 4(+! 9+??4?+! /?/G+(.3),+! H/,)12)Q4+! ,+H,/-+(.3.)*+! 24! G)?)+4!
91(24).! 34! .+(-+4,! 2+! 91(249.)*)./! .:+,G)Q4+! +AA+9.)*+! ^n_E! @3! 91(249.)*)./! .,3(-*+,-+!
+AA+9.)*+&!L>&!1O.+(4+!H14,!2)*+,-+-!9+??4?+-!2+!A,39.)1(!*1?4G)Q4+!2+!A)O,+!C!2)AA/,+(.+!+-.!
H,/-+(./! -4,! ?3! A)T4,+!hE! @+-! *3?+4,-! 1O.+(4+-! -1(.! .,R-! H,19:+-! 2+! 9+??+-! 1O.+(4+-!
3(3?].)Q4+G+(.!H3,!7+,,)(-!&9'*-6'^p_!H14,!4(!3,,3(T+G+(.!:+53T1(3?!2+!A)O,+-E!@3!91,,/?3.)1(!
1O.+(4+! +(.,+!L>! +.! C! S! H3,.),! 2+! 9+-! 93?94?-! -+,3! 4(+! 21((/+! (/9+--3),+! 34! 9:3(T+G+(.!
2U/9:+??+!-4)*3(.E!!
!3.2. Deuxième changement d’échelle : utilisation de la tomographie X 
@+!2+45)RG+!9:3(T+G+(.!2U/9:+??+!-U+AA+9.4+!S!H3,.),!2U4(+!)G3T+!T?1O3?+!24!G3./,)34!S!
G1)(2,+! ,/-1?4.)1(E!;+..+! )G3T+!+-.! -4O2)*)-/+!+(!H?4-)+4,-! -14-!*1?4G+-! Kc)TE!hPE!@+-! ?1)-!
)--4+-!24!H,+G)+,!9:3(T+G+(.!2U/9:+??+!H+,G+..+(.!2+!93?94?+,&!S!H3,.),!24!.345!2+!A)O,+!+.!2+!
?3! 2),+9.)1(! H,)(9)H3?+! 2U3()-1.,1H)+! 2+! 9:3Q4+! -14-! *1?4G+&! ?+! .+(-+4,! 2)3T1(3?! 2+!
91(249.)*)./! .:+,G)Q4+! 23(-! ?+-! 35+-! H,)(9)H345! 24! -14-! *1?4G+! 91(-)2/,/E! z(! ?+-! 4.)?)-+!
21(9! H14,! /*3?4+,! ?+! .+(-+4,! ?193?! 2+! 91(249.)*)./! +(! 9:3Q4+! -14-M*1?4G+E! B(-4).+&! ?3!
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,/-1?4.)1(! 24! H,1O?RG+!2+! A+,G+.4,+! 3--19)/! S! ?3!G/.:12+! 2+! H,)-+! 2+!G1]+((+!*1?4G)Q4+!
H+,G+.!2+!2/.+,G)(+,!?+!.+(-+4,!2+!91(249.)*)./!T?1O3?!24!91GH1-).+E!!
 
!"#$%&'Q)',%"<8"?&'=$':&8;<='8A*<#&@&<9'=R/8A&--&6'
714,!9:3Q4+!-14-M21G3)(+&!3H,R-!4(!-+4)??3T+!O)(3),+!H+,G+..3(.!2+!2)-.)(T4+,!?+-!A)O,+-!2+!
?3! G3.,)9+&! ?+-! 2),+9.)1(-! 2U3()-1.,1H)+! -1(.! 2/.+9./+-! S! ?U3)2+! 2U4(+! G/.:12+! 2+! G3,9:+!
3?/3.1),+!^"j_E!;+..+!G/.:12+&!+(!-)G4?3(.!?3!2)AA4-)1(!2U4(!T,3(2!(1GO,+!2+!G3,9:+4,-!23(-!
?+-!A)O,+-!H+,G+.!2U399/2+,!S!?U1,)+(.3.)1(!H,)*)?/T)/+!2+-!A)O,+-!23(-!?+!-14-M*1?4G+&!T,r9+!S!
?U3(3?]-+!2+-!*+9.+4,-!+.!*3?+4,-!H,1H,+-!24! .+(-+4,!2+!91*3,)3(9+!2+-!2/H?39+G+(.-! ,+?3.)A-!
2+-!G3,9:+4,-E!
*+ ' 2+ '
!"#$%&'I'O'S&<=$:'9%"="@&<:";<<&-:'=&:'"@*#&:'=&'9;@;#%*?A"&'$9"-":/&:'?;$%'-&'8*-8$-'=&:'
8;<=$89"E"9/:'9A&%@".$&:'*$':&8;<='8A*<#&@&<9'=R/8A&--&6'*+'@*9/%"*$'%/#$-"&%1'TUHfTIQfTNI'?"B&-:1'
%/:;-$9";<'I'@6'2+'@*9/%"*$'"%%/#$-"&%1'IQ(f(Q(fIQ('?"B&-:1'%/:;-$9";<'KH'@6!
@3! A,39.)1(! *1?4G)Q4+! 2+-! A)O,+-! 23(-! 9:3Q4+! -14-M*1?4G+! +-.! 2/.+9./+! S! H3,.),! 24!
.,3).+G+(.!2U)G3T+-!.1G1T,3H:)Q4+-!2+!A3)O?+!,/-1?4.)1(!+(!()*+34!2+!T,)-E!714,!2/.+,G)(+,!?3!
A,39.)1(!*1?4G)Q4+!2+!G3.,)9+&!@& 4(+!?1)!?)(/3),+!H3,!G1,9+345!+-.!4.)?)-/+!L!?+!H,+G)+,!G12+!
2+! ?U:)-.1T,3GG+! 91,,+-H1(2! S! ?3!G3.,)9+! )(.+,MA)?&! .3(2)-! Q4+! ?+! 2+45)RG+! 91,,+-H1(2! 345!
A)?-&! H14,! ?+-Q4+?-! ?+-! 91(249.)*)./-! .:+,G)Q4+-! ?1(T).42)(3?+! KLPP! +.! .,3(-*+,-+! KL>P! -1(.!
.,14*/+-!S!H3,.),!2+-!91,,/?3.)1(-!1O.+(4+-!-4).+!34!H,+G)+,!9:3(T+G+(.!2U/9:+??+E!6!9:3Q4+!
-14-M*1?4G+! +-.! 3AA+9./! 3?1,-! 4(! .+(-+4,! 2)3T1(3?! 2+! 91(249.)*)./! .:+,G)Q4+! 23(-! ?+-! 35+-!
H,)(9)H345! 24! -14-M*1?4G+! 91(-)2/,/! ^""_E! 6*3(.! ?3! H:3-+! A)(3?+! 2+! 2/.+,G)(3.)1(! 2+! ?3!
91(249.)*)./!G39,1-91H)Q4+&!9:3Q4+!.+(-+4,!2)3T1(3?!+-.!,3G+(/!23(-!?+-!35+-!2+!?3!H?3Q4+E!
@+! .+(-+4,! 2+! 91(249.)*)./! G39,1-91H)Q4+! +-.! +(-4).+! 2/.+,G)(/! S! H3,.),! 2+-! 21((/+-! 2+!
9:3Q4+!-14-M21G3)(+!+(!,/-1?*3(.!?+!H,1O?RG+!2+!A+,G+.4,+!3--19)/!S!?3!G/.:12+!2+!H,)-+!2+!
G1]+((+!*1?4G)Q4+E!
@+-!91(249.)*)./-!1(.!/./!93?94?/+-!H3,!?3!G/.:12+!2+!214O?+!9:3(T+G+(.!2[/9:+??+!-4,!?+-!
/9:3(.)??1(-!,/T4?)+,!+.!),,/T4?)+,E!@+-!*1?4G+-!,+H,/-+(.3.)A-!/.3(.!.,R-!2)AA/,+(.-&!?+-!)G3T+-!
!
8+(-+4,!?193?!2+-!
91(249.)*)./-!KO3-+!
24!-14-!*1?4G+P!
V),+9.)1(!H,)(9)H3?+!
2U3()-1.,1H)+!!
!"#$%&'(!)*+(,"#$%&'(,$#+)-(
#G3T+!G39,1-91H)Q4+!T?1O3?+!
>14-!*1?4G+
32+6?7*6%2=%-7()8,)61-59)!"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.1G1T,3H:)Q4+!24!91GH1-).+!,/T4?)+,!1(.!/./!A3).+-!S!oG!2+!,/-1?4.)1(!K"6&6'"!H)5+?!s!oGP!+.!
9+??+-! 24! 91GH1-).+! ),,/T4?)+,! S! Cj! G! 2+! ,/-1?4.)1(E! @3! A)T4,+! o! G1(.,+! 2+-! ,+(24-!
.,)2)G+(-)1((+?-!2+!9+-!)G3T+-!2+!.1G1T,3H:)+E!z(!,+G3,Q4+!Q4+!?3!!.+5.4,+!24!91GH1-).+!+-.!
O)+(!*)-)O?+!+.!Q4+!?3!2)-.)(9.)1(!2+-!H:3-+-!+-.!3--+I!3)-/+&!+(!H3,.)94?)+,!23(-!?+-!)G3T+-!S!o!
G!2+!,/-1?4.)1(E!;+9)!3!H+,G)-!2U+-.)G+,!91,,+9.+G+(.!?+! .345!2+!G3.,)9+!:1,-!A)?!K83O?+34!
$PE!!
@+!93?94?!24!.+(-+4,!2+!91(249.)*)./&!L1!21((+!H14,!?+!91GH1-).+!,/T4?)+,!L!!
K  jEog nE$ "jh CEtn "jtpEn "jh jEog $Eo "jCCEo""jt $Eo "jC jEhh
	








qDGDmE! K$P!
@+-! .+,G+-! (1(! 2)3T1(345! 2+! 9+! .+(-+4,! -1(.! (/T?)T+3O?+-!L! ?+-! 2),+9.)1(-! "&! $! +.! C! 2+!
?[)G3T+! 2+! .1G1T,3H:)+! 91{(9)2+(.! 21(9! 3*+9! ?+-! 2),+9.)1(-! H,)(9)H3?+-! 2+! 91(249.)1(E! z(!
H+4.!34--)!,+G3,Q4+,!Q4+!?3!91(249.)*)./!?1(T).42)(3?+!K2),+9.)1(-!"!+.!$&!)2+(.)Q4+-P!+-.!H?4-!
/?+*/+!Q4+!23(-!?3!2),+9.)1(!C!Kj&og!qDGDm!91(.,+!j&hh!qDGDmPE!@3!91(249.)*)./!.,3(-*+,-+!
+-.!S!91GH3,+,!S!?3!91(249.)*)./!1O.+(4+!H3,!.:+,G1T,3H:)+!A?3-:!H,/-+(./+!34!H3,3T,3H:+!CE$!
Q4)!21((3).!4(+!*3?+4,!2+!j&hCC!qDGDmE!@+!93?94?!H3,!214O?+!9:3(T+G+(.!2[/9:+??+!S!H3,.),!
2+-!)G3T+-!2+!.1G1T,3H:)+!2+!?3!H?3Q4+!,/T4?)R,+!21((+!21(9!2+-!*3?+4,-!H,19:+-!2+-!*3?+4,-!
G+-4,/+-!Khv!2U/93,.PE!!
714,!?+!91GH1-).+!),,/T4?)+,&!?+!93?94?!24!.+(-+4,!2+!91(249.)*)./!21((+!L!!
K  jEg $Ep "jC "En "j$$Ep "jC jEo$ $Ep "jC"En "j$ $Ep "jC jEhp
	








!qDGDmE! KCP!
714,!9+! .+(-+4,!34--)&! ?+-! .+,G+-!(1(!2)3T1(345!-1(.!(/T?)T+3O?+-E!73,!91(.,+&! ?+-! .+,G+-!
m""! +.! m$$! (+! -1(.! H3-! /T345E! @[1,T3()-3.)1(! G1)(-! ,/T4?)R,+! 2+-! A)O,+-! 23(-! ?+-! H?3Q4+-!
),,/T4?)R,+-!,1GH.!21(9!?[/T3?)./!2+-!91(249.)*)./-!23(-!?+-!2),+9.)1(-!"!+.!$E!@3!*3?+4,!23(-!?3!
91(249.)*)./! .,3(-*+,-+! K2),+9.)1(! CP! +-.! 9+H+(23(.! .14\14,-! H?4-! A3)O?+! Q4+! ?3! 91(249.)*)./!
?1(T).42)(3?+! K-+(-! 2+-! A)O,+-PE! @1,-Q4+! ?[1(! 91GH3,+! 9+-! ,/-4?.3.-! 345! 21((/+-!
+5H/,)G+(.3?+-! 1O.+(4+-! H3,! .:+,G1T,3H:)+! A?3-:! 14! H3,! ?3! G/.:12+! 24! 2)-Q4+! 9:342!
H,/-+(./+-! H?4-! :34.&! 1(! ,+G3,Q4+! Q4+! ?+-! *3?+4,-! 93?94?/+-! -1(.! -4H/,)+4,+-! 345! *3?+4,-!
G+-4,/+-L!91(249.)*)./! .,3(-*+,-+!93?94?/+!2+!j&hp!qDGDm!H14,!4(+!91(249.)*)./! .,3(-*+,-+!
G+-4,/+! 2+! j&tgp!qDGDm! H3,! ?3!G/.:12+! A?3-:! +.! j&tho!qDGDm! H3,! ?3!G/.:12+! 2+! 2)-Q4+!
9:342E!;1(9+,(3(.!?3!91(249.)*)./!?1(T).42)(3?+&!?+-!*3?+4,-!93?94?/+-!-1(.!34--)!/?1)T(/+-!2+-!
G+-4,+-!H3,!2)-Q4+!9:342!Kj&htC!qDGDmPE!@U3()-1.,1H)+!.:+,G)Q4+!2+!?3!H?3Q4+!+-.!H3,!91(.,+!
O)+(! ,+.,14*/+E! V+! G|G+&! 91GG+! 1(! ?U1O-+,*+! +(! .:+,G1T,3H:)+! A?3-:&! ?3! 91(249.)*)./!
.,3(-*+,-+!+-.!H?4-!A3)O?+!-4,!?3!H?3Q4+!),,/T4?)R,+!Q4+!-4,!?3!H?3Q4+!,/T4?)R,+E!!
6! H3,.),! 2+! 9+-! .+(-+4,-! )?! +-.! H1--)O?+! 2[/*3?4+,! ?[3()-1.,1H)+! 24! G3./,)34! KP! 23(-! ?3!
2),+9.)1(!.,3(-*+,-+!+(!4.)?)-3(.!?3!,+?3.)1(!KtPL!!
"" $$ CC
"" $$
&
&
L L L
L L
  !! ! ! ! KtP!!
1W! "" $$&L L +-.!?3!G1]+((+!+(.,+!L((!+.!L55E!z(!.,14*+!4(+!3()-1.,1H)+!2+!"g&C!v!+.!"j&o!
v!,+-H+9.)*+G+(.!H14,! ?+!G3./,)34! ,/T4?)+,!+.! ?+!G3./,)34! ),,/T4?)+,E!;+! ,/-4?.3.!+-.! ?1T)Q4+!
93,! ?3! 2)AA4-)*)./! ?1(T).42)(3?+! 24! G3./,)34! ),,/T4?)+,! +-.! 2)G)(4/+! S! 934-+! 2+! ?3! (1(M
91(.)(4)./!2+-!A)O,+-!S!.,3*+,-!.14.!?+!G3./,)34E!!
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4. Conclusions 
<14-! 3*1(-! H,/-+(./! 4(+! /.42+! .:+,G)Q4+! +.! -.,49.4,3?+! 2U4(+! A3G)??+! 2+! 91GH1-).+-!
-)?)9+DH:/(1?)Q4+! 35/+! -4,! 2+45! H3,.)+-!L! K)P! ?3! 2/.+,G)(3.)1(! 2+-! H,1H,)/./-! -.,49.4,3?+-! +.!
.:+,G)Q4+-!H3,!2+-!+5H/,)+(9+-!*3,)/+-&!21(.!4(+!K2)AA4-)*)./!2+-!A)O,+-P!+-.!1,)T)(3?+!`!+.!K))P!
?+! 93?94?! H3,! 214O?+! 9:3(T+G+(.! 2U/9:+??+! O3-/! -4,! )G3T+-! $V! +.! CV! 2+-! 91(249.)*)./-!
+AA+9.)*+-!2+-!91GH1-).+-!S!H3,.),!2+-!*3?+4,-!2+-!91(-.).43(.-!+.!2+!?+4,!2)-H1-).)1(!,+?3.)*+E!
@+-!,/-4?.3.-!-1(.!+(914,3T+3(.-&!O)+(!Q4U)?!,+-.+!+(91,+!2+-!+AA1,.-!S!3991GH?),!-4,!?+!H?3(!2+!
?3!G3X.,)-+!24!9:3(T+G+(.!2U/9:+??+E!B(!H3,.)94?)+,&!4(+!/.42+!2+!-+(-)O)?)./!2+-!,/-4?.3.-!*)-M
SM*)-! 2+-! 2)AA/,+(.+-! /.3H+-! 24! .,3).+G+(.! 2+-! )G3T+-! K,/-1?4.)1(&! A)?.,3T+-&! +.9}P! +-.!
-14:3).3O?+! 3A)(! 2+! Q43(.)A)+,! ?3! A)3O)?)./! 2+! ?3! G/.:12+! +.! T3,3(.),! -1(! 4.)?)-3.)1(! H14,! 24!
2)G+(-)1((+G+(.!2+!(14*+345!G3./,)345E!
Références!
^"_!%E!@E!~,+T1,)&!BE!2+!6Q4)(1!03,,1-&!~E!7+.,391()!c)?:1&!>E!c1(-+93!;1-.3!&!%+9:3()93?!3(2!
6O?3.)*+!7,1H+,.)+-!1A!>)?)93M7:+(1?)9!;1GH1-).+-!A1,!8:+,G3?!7,1.+9.)1(!>]-.+G-&!,%;8:6'I9A'V$%6'
W;%X:A;?';<'>,Y'*<='J;9'Y9%$89$%&:&!>.4..T3,.&!"MC!6H,)?!$jjpE!
^$_!%E!@E!~,+T1,)&!BE!2+!6Q4)(1!03,,1-&!~E!7+.,391()!c)?:1&!@E!;E!73,2)()&>E!c1(-+93!;1-.3&!6O?3.)*+!
3(2!%+9:3()93?!H,1H+,.)+-!1A!Q43,.I!H:+(1?)9!91GH1-).+-&!Z6'[&%;:?6'>&8A<;-6'\']*<*#6!"!K$jjpP&!
oCMonE!
^C_!qE!FE!73,e+,&!=E!FE!F+(e)(-&!;E!7E!04.?+,&!3(2!~E!@E!6OO1..&!c?3-:!%+.:12!1A!V+.+,G)()(T!8:+,G3?!
V)AA4-)*).]&!l+3.!;3H39).]&!3(2!8:+,G3?!;1(249.)*).]!&!Z6'[??-6',A^:6!C$!K"po"P&!"ogpM"ontE!
^t_!%E!03GA1,2&!FEM;E!03.-3?+&!FE!814.3)(&!;E!7,32R,+&!6E!m4-)3e&!zE!c42]G&!FE!@3G1(&!~E!w)T(1?+-&!
zE!@1-+)??+&!0E!l4G+I&!8:+,G1T,3H:)+!#(A,3,14T+!+.!G+-4,+!2+!9:3GH-&!F14,(/+!>c8!7,1O?RG+-!
)(*+,-+-!2+!9:3GH-&!$jjgE!
^h_!0E!l3]&!FE!=E!c)?.I&&!FEM;E!03.-3?+&!%+-4,+!2+!?3!2)AA4-)*)./!.:+,G)Q4+!H3,!?3!G/.:12+!A?3-:&!
>&8A<".$&:'=&'-R"<#/<"&$%6']&:$%&:'&9'8;<9%_-&& =;C!K$jjtP&!=$phhE"M=$phhE"$!!
^o_!E!l+&!=3H)2!.:+,G3?!91(249.)*).]!G+3-4,+G+(.!d).:!3!:1.!2)-e!-+(-1,!&!>A&%@;8A"@"8*'[89*!
tCo!K$jjhP&!"$$M"$pE!
^g_!E!69+G&!<14*+345!91GH1-).+-!T,3H:).+D-+?!2+-.)(+-!34!-.19e3T+!2+!?U/(+,T)+!.:+,G)Q4+!S!:34.+!
.+GH/,3.4,+L!2+!?U/?3O1,3.)1(!34!2/*+?1HH+G+(.!2+!G/.:12+-!2+!93,39./,)-3.)1(!.:+,G)Q4+!2+!
G3./,)345!91(249.+4,-!1,.:1.,1H+-&!8:R-+!2+!V19.1,3.&!'()*+,-)./!01,2+345!"&!$jjgE!
^n_!FE!@45&!6E!6:G32)&!;E!~1OO/&!;E!V+?)-/+&!%39,1-91H)9!.:+,G3?!H,1H+,.)+-!1A!,+3?!A)O,14-!G3.+,)3?-L!
w1?4G+!3*+,3T)(T!G+.:12!3(2!CV!)G3T+!3(3?]-)-&!`<96'Z6';C'J&*9'\']*::'>%*<:C&%!tp!K$jjoP&!"phnM
"pgCE!
^p_!qE!8E!7+,,)(-&!VE!=E!%9m+(I)+&!=E!;E!%97:+2,3(&!8,3(-H1,.!H,1H+,.)+-!1A!,+T4?3,!3,,3]-!1A!
9]?)(2+,-&!,%;86'S;^6'Y;86'P;<=E![!Cop!K"pgpP&!$jgM$$hE!
^"j_!zE!;1)(2,+34&!3(2!~E!@E!w)T(1?+-&!!6--+--G+(.!1A!-.,49.4,3?!3(2!.,3(-H1,.!H,1H+,.)+-!)(!A)O,14-!
;D;!91GH1-).+!H,+A1,G-!3-!2)T).)I+2!O]!uM,3]!;%8E!73,.!#!L!#G3T+!39Q4)-).)1(!3(2!T+1G+.,)93?!
H,1H+,.)+-&!Z6']*9&%6'S&:E!$j!K$jjhP&!$C$nM$CCpE!
^""_!~E!@E!w)T(1?+-&!zE!;1)(2,+34&!6E!6:G32)&!3(2!VE!0+,(3,2&!!6--+--G+(.!1A!-.,49.4,3?!3(2!
.,3(-H1,.!H,1H+,.)+-!)(!A)O,14-!;D;!91GH1-).+!H,+A1,G-!3-!2)T).)I+2!O]!uM,3]!;%8E!73,.!##!L!l+3.!3(2!
T3-!.,3(-H1,.!Z6']*9&%6'S&:E!$$!K$jjgP&!"hCgM"hhjE!
Remerciements 
@+-!34.+4,-!-14:3).+(.!,+G+,9)+,!=E!l4)??+,]!K8:+,G191(9+H.P!H14,!?+-!G+-4,+-!2+!2)-Q4+!
9:342`!FEM@E!V34*+,T(+!K#$%P!H14,!?+-!G+-4,+-!2+!H?3(!9:342!`!=E!;E!z?)*+),3!23!=1-3!+.!wEM
BE!=+(342!KB<>6%P!H14,!?+-!G+-4,+-!2+!2+(-)./!+.!?U3)2+!S!?U39Q4)-).)1(!2+!.1G1T,3H:)+-!`!
~E!;3)??3,2!!wE!=1??3(2!2+!;:3GO3421)(!2UB,9+*)??+!KB<>6%P!H14,!?3!G)9,1-91H)+!+.!
?U3)2+!345!93?94?-!2+!9:3(T+G+(.!2U/9:+??+E!
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